MicroRNA-21 (miR-21) is an oncomir overexpressed in most human tumors in that it promotes malignant growth and progression by acting on multiple targets. Here, we broaden the impact of miR-21 in cancer by showing that it regulates the formation of reactive oxygen species (ROS) that promote tumorigenesis. Key targets of miR-21 in mediating this function were SOD3 and TNFa. We found that miR-21 inhibited the metabolism of superoxide to hydrogen peroxide, produced either by endogenous basal activities or exposure to ionizing radiation (IR), by directing attenuating SOD3 or by an indirect mechanism that limited TNFa production, thereby reducing SOD2 levels. Importantly, both effects contributed to an elevation of IR-induced cell transformation. Our findings, therefore, establish that miR-21 promotes tumorigenesis to a large extent through its regulation of cellular ROS levels. Cancer Res; 72(18); 4707-13. Ó2012 AACR.
Introduction
MicroRNAs (miR) are a class of small noncoding RNAs comprising approximately 22 nucleotides in length. In general, miRs negatively regulate gene expression posttranscriptionally by binding to the 3 0 -untranslated region (UTR) of the targeted mRNA to inhibit gene translation. One miR is capable of targeting multiple mRNAs and one mRNA can be targeted by multiple miRs. Most mammalian mRNAs are conserved targets of miRs. Among more than 1,400 miRs that have been documented, miR-21 is overexpressed in multiple human cancers (1) and miR-21 upregulation induced tumorigenesis in a mouse model (2, 3) and in human cells (4) , indicating a central role of miR-21 in carcinogenesis. Although, multiple targets of miR-21 have been identified, including tumor suppressors PTEN, PDCD4, and TPM1 (5-9), the whole picture for miR-21-induced tumorigenesis remains unclear.
Reactive oxygen species (ROS) generated from endogenous metabolic processes or exogenous ionizing radiation (IR) exposure, are mutagenic, and it is widely accepted that ROS promotes tumorigenesis (10, 11) . Superoxide (O 2 À ) and hydrogen peroxide (H 2 O 2 ) are the major ROS species. The human superoxide dismutase (SOD) family includes 3 members SOD1, SOD2, and SOD3 and are the major enzymes metabolizing ROS by converting superoxide to hydrogen peroxide [M nþ À SOD þ
in which M ¼ Cu (n ¼ 1), Mn (n ¼ 2), Fe (n ¼ 2), Ni (n ¼ 2)]. Among the family members, SOD1 is a copper and zinc-containing homodimer, CuZn-SOD, primarily localized in cytoplasm; SOD2 is a manganese-containing enzyme, Mn-SOD, and is exclusively localized in mitochondria; SOD3 is a copper-and zinc-containing tetramer, containing a signal peptide directing SOD3 primarily to the extracellular space (EC-SOD), and is produced by lung tissue cells (12) . We investigated whether there is a functional link between miR-21 and the regulation of ROS levels through targeting a member of the SOD family, thereby, contributing to miR-21-induced tumorigenesis. In this study, we found that miR-21 changed the levels of superoxide to hydrogen peroxide in the human bronchial epithelial cells by directly targeting SOD3, and TNFa decreased the SOD2 levels, and these changes are linked to increased IR-induced cell transformation in miR-21-expressing cells. Our findings reveal a new mechanism to explain the role of miR-21 in promoting tumorigenesis via regulating cellular ROS levels.
Materials and Methods

Cell lines and radiation
Immortalized human bronchial epithelial cells (NL20) were purchased from American Type Culture Collection and cultured according to the manufacturer's instructions. The cell line was verified using a soft-agar colony forming assay. Low-LET radiation was carried out using an X-ray machine (X-RAD 320, N. Branford 320 kV, 10 mA, 2-mm aluminum filtration) in our laboratory and high-LET radiation was carried out using an alternating gradient synchrotron (Fe ions, 1 GeV/amu) at Brookhaven National Laboratory. The dose rates for both high-LET IR and low-LET IR were about 1 Gy/minute.
Reagents
The plasmids for miR-21 expression, pCDH-CMV-MCS-EF1-copGFP (with GFP), and pCDH-CMV-MCS-EF1-Puro (without GFP) were purchased from SBI. The plasmid for the luciferase assay, psiCHECK-2, was purchased from Promega. The SOD3 or TNFa encoding plasmid was purchased from GeneCopoeia. The miR-21 mimic (double strand sense mature miR-21) and miR-21 antisense inhibitor (50 nmol/L) were purchased from Thermo Fisher Scientific. The siRNA against SOD2, SOD3, TNFa, the control RNA and the antibody against SOD1, SOD2, or b-actin was purchased from Santa Cruz Biotech Inc. The antibody against SOD3 was purchased from ENZO Life Sciences, and the antibody against TNFa was purchased from Cell Signaling.
ROS detection
A total of 0.5 Â 10 6 cells were plated in a 60-mm dish and grown overnight at 37 C in a CO 2 incubator. For some transient gene-regulation experiments, the cells were transfected with the proper vector or small RNAs and incubated at 37 C for 48 hours. The cells were collected, washed with PBS, and resuspended in CM-H 2 DCFDA (Invitrogen, for H 2 O 2 detection) or dihydroethidium (DHE; Sigma, for O 2À detection) at a final concentration of 10 mmol/L. The cells were incubated at 37 C for 30 minutes, and then kept on ice. The cells were irradiated on ice and resuspended in the medium after IR and kept at 37 C for different times; the cells were then washed with PBS and measured against the ROS level using a BD FACSCanto II flow cytometer.
Real-time PCR
Real-time PCR was conducted as described in our previous publication (13) with the proper primers as described in Supplementary Table S1 .
Luciferase assay
A luciferase assay was conducted as described in our previous publication (13) . Briefly, 293FT cells were transfected with the plasmid (psiCHECK-2) containing different 3 0 -UTRs from different genes with or without 100 nmol/L hsa-miR-21 mimics in 48-well plates. The cells were harvested 48 hours after transfection, and the cells were then lysed with a luciferase assay kit (Promega) according to the manufacturer's protocol and measured on a LUMIstar Galaxy luminescent microplate reader (BMG labtechnologies). b-Galactosidase or Renilla luciferase was used for normalization.
Cell transformation
Cell transformation was measured by using a soft-agar colony forming assay. Four percent of low melting temperature agarose and 1Â complete NL20 complete medium were mixed to obtain a 0.5% agarose concentration and then, 2 mL of 0.5% agarose-NL20 complete medium mixture was added to each well in 6-well plates and the agar was solidified at 4 C. These plates were kept in the incubator until the next day. Cells were harvested and mixed (500, 1,000, and 1,500 cells per well) with tissue culture medium containing 0.7% agar to a final agar concentration of 0.35%. Then, 2 mL of the cell suspension was immediately plated in 6-well plates coated with 2 mL of 0.5% agar in tissue culture medium per well (in triplicate), and the cells were cultured at 37 C with 5% CO 2 for 3 weeks. The culture was stained with 0.2% p-iodonitrotetrazolium violet (Sigma) or scanned for colony counting, and colonies larger than 100 mm in diameter were counted.
Statistical analysis
Statistical analysis of data was done using the Student t test. Differences with P < 0.05 are considered significant.
Results
miR-21 overexpression increases IR-induced cellular ROS levels
To establish a stable miR-21-expressing cell model, we inserted a 362 bp sequence comprising pri-miR-21 (4) into a plasmid with or without the GFP gene, transfected these plasmids or a vector control into the human bronchial epithelial cell line NL20, and selected for miR-21-expressing cells ( (Fig. 1B) . There was no apparent difference in the ROS levels between the cells exposed to iron (high-LET) or X-ray (low-LET) IR (Fig. 1B) . Furthermore, increasing the IR dose to 5 Gy did not further increase the ROS response in these cells ( Supplementary  Fig. S2 ). These results indicate that ROS generation in the cells is sensitive to IR; the ROS levels reach a maximal level at 3 hours and return to preirradiated levels within 16 hours. Although miR-21 expression increased at 3 hours after IR in the cells transfected with vector alone at this point, the miR-21 levels did not increase in cells already overexpressing miR-21 ( Supplementary Fig. S3 ), supporting the previous observation that IR-induced miR-21 expression peaks over a short time period, (2-4). To exclude the possibility that the increased ROS level in the miR-21-overexpressing cells was because of miR-21-independent effects, we used either a miR-21 antisense inhibitor (for miR-21 overexpressing cells) or a miR-21 mimic (for control cells) and measured the ROS levels. The results show that after miR-21 was upregulated in these cells (Fig. 1C) ; the ROS levels changed and IR enhanced this phenotype (Fig. 1D) , In contrast, the miR-21 inhibitor abrogated the miR-21-induced ROS changes (Fig. 1D) . These results confirm that miR-21 increases the basal and IR-induced superoxide level in the cells. The higher superoxide level and lower hydrogen peroxide level in the miR-21-overexpressing cells suggest that miR-21 might be targeting SODs.
miR-21 directly targets SOD3
To address whether miR-21 targets SODs, we measured the levels of SOD1, SOD2, and SOD3 in cells with or without miR-21 overexpression at different times following IR exposure. The results show that nonirradiated cells overexpressing miR-21 have unchanged SOD1 levels but SOD2 and SOD3 levels were reduced ( Fig. 2A) . IR (0.5 Gy) induced a transient increase in SOD1 and SOD2 expression in control cells, whereas miR-21 overexpression dramatically reduced this effect ( Fig. 2A) . Cells exposed to a higher dose (5 Gy) did not respond differently ( Supplementary Fig. S4 ). The lower levels of SOD2/SOD3 in the miR-21-overexpressing cells suggest that miR-21 might target SOD2 and SOD3. To test this hypothesis, we conducted a matching search by using PicTar, TargetScan3.1, MiRanda, and miRGen tools and identified one potential miR-21 binding site in the 3 0 -UTR of SOD3 (Fig. 2B, Supplementary Fig. S5 ). To show that miR-21 targets SOD3 directly, the SOD3 complementary site was cloned into the 3 0 -UTR of the firefly luciferase gene and cotransfected with miR-21 in 293FT cells. The results showed that the miR-21 binding site resulted in a substantial inhibition of luciferase activity. This inhibitory effect was lost when the binding site was deleted (Fig. 2B) , indicating that the site in the 3 0 -UTR of SOD3 represents an authentic miR-21 binding site and confirming that SOD3 is a direct target of 0 -UTR region in cells overexpressing miR-21 and compared them with cells with reduced levels of SOD3 expression by siRNA. Transfection of the SOD3 cDNA generated a non-glycosylated form (30 kD) of SOD3 (14) that is recognized by the SOD3 antibody (Fig. 2C) . This non-glycosylated form of SOD3 seems to be active because overexpressing it upregulated SOD3 activity ( Supplementary Fig. S6 ), and IR increased ROS levels in cells ectopically expressing SOD3 (Fig. 2D) . Conversely, reducing the endogenous SOD3 levels by siRNA (Fig. 2C ) was sufficient to change the basal-and IR-induced ROS levels (Fig. 2D) . These results support a model in which miR-21 overexpression results in an ROS change in the irradiated cells by targeting SOD3. SOD3 is an extracellular enzyme, and it has been established that the extracellular environment also plays an important role in influencing genomic integrity (15) . Thus, SOD3 may contribute to protecting cells from ROS-induced genetic instability.
miR-21 directly targets TNFa and influences SOD2 levels
Reduced SOD2 protein levels following miR-21 overexpression has been previously reported by another group (16) , but the mechanism leading to this phenotype is unknown, as there was no predictable miR-21 binding site in 3 0 -UTR of SOD2. Next, we sought the candidates that could upregulate SOD2 expression and be targeted by miR-21. TNFa came to light because it can induce SOD2 expression (17, 18) , and the level of TNFa expression decreased in miR-21-overexpressing cells compared with vector-transfected control cells (Fig. 3A) . IR increased the levels of TNFa, whereas miR-21 overexpression dramatically reduced both the basal and the IR-induced increase (Fig. 3A) . In addition, the low TNFa levels in 5 Gy irradiated cells (Supplementary Fig. S4 ) further support the concept that TNFa might be a target of miR-21. In addition, the 3 0 -UTR of TNFa contains a potential miR-21 binding site (Fig 3B, Supplementary Fig. S7 ). To verify that TNFa is a miR-21 target, we tested luciferase activity driven by the 3 0 -UTR region of TNFa. These results indicate that TNFa is a target of miR-21 (Fig. 3B) . Our results also confirm that TNFa stimulates transcription of SOD2 (18) . In addition, upregulating TNFa (without 3 0 -UTR) in cells overexpressing miR-21 or downregulating TNFa by using siRNA in vector-transfected control cells (Fig. 3C) , altered SOD2 mRNA levels ( Supplementary  Fig. S8 ) and TNFa protein levels (Fig. 3C) , as well as the SOD2 activities ( Supplementary Fig. S9 ). More importantly, such changes in TNFa expression affected basal-and IR-induced increases in ROS (Fig. 3D) . Because there were no apparent differences in the levels and activities of catalase or glutathione peroxidases between miR-21-upregulated cells and their counterpart control cells ( Supplementary Fig. S10 ), these results exclude the possibility that miR-21 affects the ROS level through other pathways. These results strongly support the conclusion that the IR-induced increase in superoxide levels in miR-21-overexpressing cells is at least due, in part, to miR-21 targeting of TNFa, thereby decreasing SOD2 levels. were measured using the cells (as described in C), with up-or downregulated TNFa at 3 hours after 0.5 Gy low-LET IR. The data are an average of 3 separate experiments. ÃÃ , P < 0.01. It is known that increased levels of intracellular ROS induce a cellular genotoxic stress response (19) and promote cellular transformation (10) . Previously, we reported that overexpressing miR-21 can result in a conversion of nontumorigenic human cells to tumorigenic cells and that exposure to IR enhanced this conversion (4). We also showed in this study that hydrogen peroxide levels decreased but superoxide levels increased in the miR-21-overexpressing cells. Since superoxide has been shown to be a more powerful factor than hydrogen peroxide at stimulating cell proliferation (20) , it is possible that miR-21-induced tumorigenesis (2, 4) is partially due to the high superoxide level generated in the cells. To test this hypothesis, we used cell-colony forming in soft agar to examine the effects of miR-21 on IR-induced transformation. We compared the cell transformation among the cells with or without miR-21 overexpression and with or without SOD3 or TNFa upregulation in the miR-21-overexpressing cells, following 4 months exposure to a low dose (0.5 Gy) of X-ray exposure. The results showed that nonirradiated cells lacking miR-21 overexpression generated very few colonies, whereas cells overexpressing miR-21 displayed significant colony formation (Fig. 4A) . Following IR exposure, both cell lines generated elevated numbers of colonies as compared with nonirradiated cells. Furthermore, the miR-21-overexpressing cells displayed elevated colony formation as compared with cells transfected with vector alone (Fig. 4A) . These results suggest that miR-21 promotes IR-induced cell transformation.
To examine whether the miR-21-increased IR-induced cell transformation was linked to miR-21-increased superoxide, we irradiated cells overexpressed with miR-21 and upregulated SOD3 or TNFa expression, and compared soft-agar colony formation among the cells after 4 months of subcultures. Increased expression of SOD3 or TNFa at the time of radiation decreased the number of IR-induced soft-agar colonies in the miR-21-overexpressing cells (Fig. 4B) , suggesting that miR-21-stimulated cell transformation is linked to miR-21-increased superoxide. Because miR-21 plays an important role in initiating and promoting tumorigenesis (2-4), our results indicate that a component of miR-21-stimulated cell transformation occurs by increasing superoxide and may be associated with its role in tumor development (Fig. 4C ).
Discussion
In this study, we reported for the first time that miR-21 affects ROS levels through targeting SOD3 and TNFa (indirectly affecting SOD2), which might be linked to the role of miR-21 in carcinogenesis. Although IR stimulated an increase in the ROS levels in the cells, we did not observe the IR dose-response effects: 5 Gy irradiated cells did not show a dramatic change in ROS levels than 0.5 Gy irradiated cells. In addition, we did not find any dramatic difference in ROS levels between high-LET and low-LET irradiated cells. These phenotypes might be due to the fact that the amount of ROS generation per cell is relatively consistent, which does not change with a radiation dose increase or quality change (21, 22) . As mentioned in these articles, their results are consistent with a threshold of a allor-nothing response (21, 22) . After 0.5 Gy exposure, we observed a clear change in ROS, indicating that such a dose is enough to initiate the change in the ROS levels; although at 24 hours after IR, the ROS level reverted back to the levels similar to that in nonirradiated cells, and we believe that the transient change would induce some consequences that affect the cell biologic functions. Of course, these predictions need future experiments to elucidate.
The difference in the ROS levels between miR-21-upregulated cells and their control counterparts are consistent, which provides additional evidence that the change in ROS might contribute to the role of miR-21 in carcinogenesis. Carcinogenesis is a complicated process and involves more ÃÃ , P < 0.01; ÃÃÃ , P < 0.001. B, similar experiments were carried out as described in A, but with the cells upregulated either by SOD3 or TNFa cDNAs. The results were confirmed in 2 separate experiments with triple dishes per sample in each experiment.
ÃÃÃ , P < 0.001. C, a model proposed to explain how miR-21 could stimulate cell transformation partially through increasing superoxide, thereby contributing to the role of miR-21 in carcinogenesis. miR-21-increased IR-induced superoxide levels through targeting SOD3 and TNFa (a transcriptional activator of SOD2), which contributes to IRinduced cell transformation and carcinogenesis.
proteins and pathways. Upregulating miR-21 could result in nontumorigenic human cells becoming tumorigenic (4) or mouse lymphomas (2) , confirming the tumorigenesis of miR-21. The role of mir-21 in carcinogenesis is believed to be linked to multiple targets of miR-21, such as PTEN, PDCD4, and TPM1 (5-9) ; however, the whole picture for miR-21-induced tumorigenesis remains unclear. We previously reported that radiation enhanced the role of miR-21 in tumorigenesis (4) and the transformation results in this study also support it. However, how radiation enhances the miR-21 0 s tumorigenesis needs more studies. Our results, shown in this study, strongly support that the effects of miR-21 on the ROS level cooperate with the effects of other miR-21 targets and contribute to miR-21 0 s carcinogenesis.
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